Background/Objectives: To test the association between physical activity measured using accelerometer counts (Actigraph) and energy expenditure (EE) measured using the doubly labelled water (DLW) method in free-living children in India. The aim of this study was to explore the usefulness of Actigraphs in estimating EE. Subjects/Methods: Total EE (TEE) was measured in 58 children aged 8-9 years over a period of 2 weeks using the DLW technique. Physical activity level (PAL) was estimated from TEE, and the basal metabolic rate was predicted from weight. Physical activity was measured simultaneously using the Actigraph accelerometers (MTI AM7164 and GT1M). TEE was also calculated from the Actigraph counts using a published equation. Results: TEE (mean: 6.6 vs 5.7 MJ, P ¼ 0.04) and Actigraph counts (counts/minute: 557 vs 465, P ¼ 0.02; total counts: 445 534 vs 354 748, P ¼ 0.004) were higher in boys than in girls. There were no significant correlations between either total Actigraph counts (r ¼ 0.15, P ¼ 0.3) or counts/minute (r ¼ 0.18, P ¼ 0.2), and TEE estimated using DLW. Similarly, there were no significant correlations between Actigraph counts and PAL (r ¼ 0.10, P ¼ 0.5; r ¼ 0.17, P ¼ 0.2, respectively). The Bland-Altman analysis showed poor agreement between TEE estimated using the DLW method and TEE derived from the Actigraph equation. Conclusions: Activity measured using Actigraph accelerometers was not related to TEE and PAL derived using the DLW technique in children in Mysore. Actigraphs may not be useful in predicting EE in this setting, but may be better used for judging activity patterns.
Introduction
The incidence of childhood obesity, and associated metabolic risks, has been increasing throughout the world. This may be related to a decline in physical activity (Andersen et al., 2006) . Childhood overweight/obesity levels are also increasing in countries such as India (Kapil et al., 2002; Ramachandran et al., 2002) , although under-nutrition is still a major problem there. This, in addition to a 'low-lean mass and high-truncal adiposity', characteristic of the Indians may partly explain their high susceptibility to cardiovascular disease and type II diabetes (Yajnik, 2004) . Rapid urbanization has reduced the scope for physical activity in Indian children (Bhave et al., 2004) . As obesity and sedentary behaviour in childhood track through to adulthood, there is a greater need for promoting physical activity among children (Whitaker et al., 1997; Malina, 2001) .
Physical activity is often measured as a proxy for energy expenditure (EE) to study disease risk and to devise appropriate public health messages (Fox and Hillsdon, 2007) . Actigraph accelerometers, a widely preferred objective method for measuring physical activity in free-living children, correlate with EE measurements in several studies (Plasqui and Westerterp, 2007) . However, outcomes derived from predictive equations developed to convert accelerometer counts to EE tend to vary widely (Nilsson et al., 2008) .
As a first step towards developing a field tool for measuring total EE (TEE), and devising interventions for increasing EE, we examined the association between the Actigraphmeasured physical activity and TEE measured using the doubly labelled water (DLW) method in a sample of 8-9-year-old children from a birth cohort in Mysore, India.
Methods
The children were selected from a large birth cohort of an ongoing study at the HMH (Holdsworth Memorial Hospital, Mysore) (Krishnaveni et al., 2005) . A total of 60 willing children (age: 8-9 years; 30 boys) representing different body mass index (BMI) levels were recruited. All parents provided informed written consent, and the Hospital ethics committee approved the study.
Total energy expenditure Free-living TEE was measured over a 2-week period using the DLW technique. The dose was prepared at the St John's Research Institute (Bangalore, India) from separate solutions of deuterated water (Sigma-Aldrich, St Louis, MO, USA) and 10% H 2 18 O (Taiyo Nippon Sanso Corporation, Tokyo, Japan), to provide a dose of 0.15 g/kg body weight of deuterium and 1.5 g/kg body weight of 18 O. An aliquot of this solution was stored for analysis of the dose of isotope administered, which was incorporated into the final calculations for the pool size of each child. Prepared isotope doses in clean, sealed plastic containers were transferred to HMH, and stored in a refrigerator until administration. The time interval between the preparation and its use ranged from 1 day to 1 month. On the morning of the experiment, children's basal urine samples were collected at the HMH research centre. Each child drank the DLW from the container using a straw. Once finished, the container was rinsed twice with bottled water and the same was given to drink to ensure complete intake. The time at completion was noted. A research team member, along with one of the two authors (GVK and SRV), supervised all administrations. Postdose urine samples were collected after 6 h, corresponding to the time of equilibration, and on days 7 and 14. The exact time of collection was noted, and the samples were stored at À20 1C in tightly sealed containers until analysis at the Department of Physiology (St John's Medical College, Bangalore).
The urine samples were prepared for 2 H analysis using the zinc reduction technique (Wong and Schoeller, 1990) , and a dual inlet isotope ratio mass spectrometer (Europa Scientific Ltd, Crewe, UK). The principle of isotopic equilibration was used for measuring 18 O enrichment (Kurpad et al., 1997) , on a continuous flow isotope ratio mass spectrometer (Europa Scientific Ltd). The coefficient of variation of repeated measurements of 2 H was o0.02%, and that of 18 O was o0.01%. Pool sizes for each of the isotopes were calculated from the isotope dose and the zero-time enrichment of the isotope in body water, which was obtained as the Y intercept after the log-transformed urinary isotopic washout data were plotted against time (Coward, 1990) . This calculation also took into account the measurement of dose enrichment as well as dilution factors during administration.
For EE, the average CO 2 production (mol/day) was calculated from the rate constant of the disappearance of both isotopes from the body. As isotopic enrichments of deuterium and 18 O in their respective pools are affected by fractionation of the isotope, due to evaporation of insensible perspiration, or due to respiratory transpiration in the breath, corrections for the fractionation of isotope during trans-cutaneous water vapour loss or between water vapour and CO 2 in breath were inserted into the calculation of CO 2 production rate (Schoeller and Coward, 1990) . The TEE of each child was calculated as the product of CO 2 output (litres) and the energy equivalent of CO 2 (Elia, 1990 ) that was derived from the measured food quotient of each child, and expressed in MJ/day. The food quotient is a surrogate for the respiratory quotient, which is required for selecting the correct heat equivalent of the measured CO 2 output to obtain the TEE. It was calculated as the amount of CO 2 produced divided by the amount of oxygen consumed in the oxidation of all metabolizable fuels in the diet, and required a 24-h recall dietary history (Black et al., 1986) . The BMR (basal metabolic rate) was calculated using age-and genderbased equations on the basis of the child's weight (FAO/ WHO/UNU, 2001). Physical activity level (PAL) was then calculated by dividing TEE by the BMR. Physical activityrelated EE (AEE) was calculated as TEE Â 0.9ÀBMR, assuming that 10% of TEE is the diet-induced thermogenesis (Plasqui and Westerterp, 2007) .
Physical activity
Physical activity was measured simultaneously with the DLW measurement using the Actigraph, a uniaxial accelerometer (MTI AM 7164 and GT1M models, MTI Health Services, Fort Walton Beach, FL, USA). The Actigraphs placed in a pouch were tied to the child's right hip level using a stretchable belt to measure activity for 14 consecutive days. Parents were advised to remove the monitor during water activities. They were also advised to remove the monitors at night before the child went to bed, to re-apply it when the child got up in the morning, and to note these times. Written instructions in the local language were provided.
At the end of the monitoring, data were downloaded to a computer and processed using a software programme (MRC Epidemiology Unit, Cambridge, UK). Actigraph output was expressed in 1-min epochs. The first and last days of monitoring were excluded, as they were incomplete and/or showed artefacts related to monitor handling. The remaining days with X500 min of registered activity were included. A correction factor (Corder et al., 2007) was applied to combine the data obtained from the two Actigraph models. Mean total daily counts and counts/minute of registered daily activity were the outcomes used for total activity. Results of a pilot validation study in a small group of school children were used to establish counts/minute cutoffs for sedentary-to-light (0-399) and moderate-to-vigorous intensity (X400 counts/min) activities (Krishnaveni et al., 2009) .
Data were excluded for one child who spilled the isotope while drinking and for another who refused to wear the Actigraph, leaving a total of 58 children for the final comparisons.
Total energy expenditure was also calculated from Actigraph counts using a published regression equation (Ekelund et al., 2001) :
00418; the gender value was 0 (for boys) or 1 (for girls). PAL was calculated using the predicted BMR.
Anthropometry and body composition Height (Microtoise, CMS Instruments, London, UK), weight (Salter Digital Scales, Kent, UK) and subscapular and triceps skin-fold thickness (Harpenden callipers, CMS Instruments, London, UK) were measured on the day of the experiment before administering the isotope. Weight was also measured on days 7 and 14. Fat mass, percentage body fat (fat%) and fat-free mass were measured using the deuterium dilution method (Coward, 1990) . The prevalence of obesity and overweight was calculated on the basis of international cutoffs (Cole et al., 2000) . Underweight was calculated as a weight below 2 s.d. of the WHO (World Health Organization) median weight for age (WHO Growth Standards, 2007) .
Socio-economic status was determined by the Standard of Living Index designed by the National Family Health Survey-2 (International Institute for Population Sciences (IIPS) and Operations Research Centre (ORC) Macro (2001)).
Statistical methods
Triceps and subscapular skin-fold thickness were log-transformed for normality. Pearson's correlations were used to examine the associations between Actigraph counts and TEE and PAL measured by DLW. Partial correlations were used to adjust these associations for age and sex. The differences in physical characteristics and activity measures between boys and girls were tested using t-tests. Linear regression analyses were used to examine the predictors of TEE. Cross-tabulations (and k-statistics) were used to assess the agreement between Actigraph counts and TEE, PAL and AEE from the DLW method. The agreement between TEE derived from DLW and TEE estimated from the Actigraph equation was tested using Bland and Altman plots. All analyses were conducted using the statistical package SPSS V16 (SPSS Inc, Chicago, IL, USA), and Bland-Altman plots were created using Stata V10 (Statacorp LP, College Station, TX, USA). Table 1 describes the physical characteristics of the children who participated in the study. Skin-folds, fat mass and fat% were significantly higher in girls, whereas fat-free mass was higher in boys.
Results
Children wore the Actigraphs for a period ranging from 1 (N ¼ 1) to 14 days (N ¼ 2; median ¼ 12 days). Two girls had o4 days of registered activity. All available data were used for the analysis. The average daily registered activity time was 789 min (range: 650-972). Number of days of Actigraph monitoring, TEE and Actigraph counts were higher in boys than in girls. Boys tended to spend more time in moderateto-vigorous intensity activities than did girls; no gender differences were observed in PAL and AEE (Table 1) .
TEE and body composition
The DLW-measured body composition is presented in Table 1 . The measurement of total body water by deuterium dilution was corrected by 4%, as the observed mean space ratio for the body water pool size measured by deuterium and 18 O was 1.04. There was a positive association between fat-free mass and TEE (b ¼ 0.25, confidence interval: 0.07-0.43, P ¼ 0.008; P ¼ 0.056 adjusted for sex). PAL was not related to fat-free mass. Neither TEE nor PAL was associated with fat mass, other anthropometric measurements or socioeconomic status.
Actigraph counts vs DLW outcomes
Total counts and counts/minute were positively correlated with TEE, PAL and AEE from the DLW method, but the associations were not statistically significant (Table 2, Figure 1 ). The correlation co-efficients were small in boys, but relatively larger in girls, especially for the association between counts/minute and PAL ( Table 2 ). The correlations between counts/minute, and TEE (r ¼ 0.27), AEE (r ¼ 0.26) and PAL (r ¼ 0.25; P ¼ 0.2 for all) were higher in children above median BMI than for those below median BMI (r ¼ 0.06, r ¼ 0.05 and r ¼ 0.05 respectively, P ¼ 0.8) (Figure 2) . The correlations remained non-significant after adjusting for gender and BMI. In a regression analysis, activity counts explained only 3% variation in the TEE.
Total energy expenditure (and PAL) was 43 s.d. above the mean in one child, and Actigraph counts were 43 s.d. above the mean in two children. Excluding these children from the analysis did not alter our findings.
In a cross-tabulation, 44% of the children were placed in equivalent thirds for counts/minute and PAL by both the methods (girls: 54%, boys: 37%) (Table 3) . Nine children (16%) were placed in extreme opposite thirds by the Actigraphs. The agreement was also poor with TEE, and when total counts were used instead of counts/minute (data not shown).
There was a moderate correlation between the TEE estimated using the Actigraph equation and that measured using the DLW method (r ¼ 0.33, P ¼ 0.01). This association was lost after adjusting for fat-free mass or gender (P41 for both). There was no correlation between PAL from DLW and PAL calculated using counts (r ¼ 0.17, P ¼ 0.2).
The Bland and Altman analysis showed that children who were less active relative to their same-sex peers tended to have a higher predicted TEE on the basis of accelerometry (Figure 3) . Similarly, children who were most active tended to have a lower predicted TEE on the basis of accelerometry. This level of bias was lesser in girls as indicated by the shallower slope in the Bland and Altman plot. The agreement was also better in girls; the limits of agreement were narrower and the s. 
Discussion
This study tests the validity of Actigraph counts in predicting TEE in pre-pubertal children. As far as we know, this is the first such data from India. We observed no significant associations between Actigraph counts, and TEE and PAL measured using the DLW technique. The Actigraph- Abbreviations: AEE, physical activity-related energy expenditure; DLW, doubly labelled water; PAL, physical activity level; TEE, total energy expenditure.
predicted TEE agreed poorly with the measured TEE. The agreement was better in girls than in boys, and in children of higher BMI. Accelerometers are widely used for measuring physical activity in free-living conditions, as they are easy to use and unobtrusive. Studies evaluating various accelerometer models have tested their validity in predicting EE, considered to be a true measure of physical activity (Rennie and Wareham, 1998) . Actigraphs have been shown to correlate with TEE in adults and children, and are recommended for use (Plasqui and Westerterp, 2007) . The correlations were less consistent and frequently non-significant with other accelerometers.
Only a few studies have validated Actigraphs in free-living children. In 9-year old Swedish children, the counts were significantly correlated with TEE (r ¼ 0.4) and PAL (r ¼ 0.6) from the DLW method; the co-efficients were larger after adjusting for age, gender and body mass (Ekelund et al., 2001) . In another study in Scotland, Actigraph counts correlated significantly with PAL measured using the DLW method (r ¼ 0.33) (Montegomery et al., 2004) .
In contrast, we did not observe significant associations between Actigraph counts and TEE, PAL or AEE (ro0.2 for all) from the DLW method. The Bland-Altman analysis indicated that agreement between the two methods was poor for the TEE. Poor agreement may be because Actigraphs measure body movements and DLW measures TEE, which are not interchangeable. The higher correlations observed in heavier children may be because body mass is a major contributor to the EE. The mean weight of our children was lower than that of white Caucasian children of similar age 200.00 400.00 600.00 800.00 1000.00 Figure 1 Scatter plot showing the association between Actigraph counts and total energy expenditure (TEE) and physical activity level (PAL) from the doubly labelled water (DLW) technique (stratified by sex). (Ekelund et al., 2001) . None of our children were obese/ overweight according to the international standards, and 12% were underweight. This may be a reason for lower correlations in our children. Total activity in our children was also lower than that reported for the European children; correlations tend to be poor at lower levels of activity (Hendelman et al., 2000) . The difference between genders has not been described before. Accelerometers underestimate the energy cost of heavy activities involving minimal lower body movement such as cycling and lifting heavy objects, whereas the EE for activities such as running and jumping are overestimated (Hendelman et al., 2000; Puyau et al., 2002) ; such activities are common among our boys and might explain the poor correlations. In this study, the boys were likely to spend more time in higher intensity activities. Although the difference between genders just missed being significant, the actual difference in time in these activities (B30 min spent in activities with an assumed average metabolic equivalent of B5) could explain the difference in TEE between the groups. Equally, a narrower activity range in our girls may provide less scope for misinterpretation. The girls might have been more compliant and might have kept the monitors tied at all times. The generally more active boys might have removed the Actigraphs during vigorous play, or the monitors may have slipped, resulting in imprecise measurements. These limitations need to be considered in future studies using accelerometers in children.
Physical activity is a complex behaviour, and each of its components is significant for health outcomes. Physical exercise per se is associated with reduced risks of type II diabetes and cardiovascular abnormalities (LaMonte et al., 2005) . Exercise enhances several biological mechanisms that increase skeletal muscle glucose uptake and insulin sensitivity (Booth et al., 2000) , and the ability of skeletal muscles to switch between glucose and fatty acid as the main fuel source depending on the availability of fuels (Corpeleijn et al., 2009) . The strength of accelerometers is their ability to measure the intensity and the pattern of activity, which cannot be captured by the single TEE figure derived from the DLW technique. Accelerometry is the most preferred objective method for assessing variations in habitual physical activity (Plasqui and Westerterp, 2007) . Several studies in children have shown inverse associations between accelerometer output, and adiposity and other cardiovascular risk markers (Ekelund et al., 2004; Andersen et al., 2006) .
The major strength of our study was the comparison of the Actigraph outcomes with DLW-measured TEE in children for the first time in India, adding to a small pool of data from DLW studies in children, especially from developing countries. The cost of the DLW experiments limited our sample size, which might have reduced the power and thus resulted in non-significant findings, however similar sized samples have been used in several studies that used the DLW method (Plasqui and Westerterp, 2007) .
In conclusion, one of the arguments for converting accelerometer counts to EE is the uncertainty with regard to the interpretation and metabolic significance of the body movements measured by the accelerometers. Our study does not support the use of accelerometers for measuring EE. However, these monitors are useful in characterizing behaviours related to activity (Krishnaveni et al., 2009) , and the risks associated with inactivity. More studies are required to validate accelerometers in field settings using reference methods that measure the same component as the method of interest. 
